In this paper, the exergoeconomic analysis was conducted to an existing ultra-supercritical coal-fired power plant in China to understand the cost-formation process, to evaluate the economic performance of each component and to find possible solutions for more cost-effective designs. The total revenue requirement (TRR) and the specific exergy costing (SPECO) methods were applied for economic analysis and exergy costing, respectively. Quantitative balances of exergy and exergetic costs as well as necessary auxiliary equations for both individual component and the overall system were established. The results show that the exergoeconomic factors of the furnace and heat exchangers at low temperature levels, including air preheater and low-pressure feedwater preheaters, are rather small; while those of other components are relatively large. Moving more heat absorption into furnace to use the effective radiation heat transfer, increasing the air preheating temperature and adding more low pressure feedwater preheaters can be promising solutions for future design.
Introduction
In order to fulfill the objectives of a 20% reduction of national gross fuel consumption and a 10% reduction of total emission of mean pollutants during 2005 to 2010 [1] , the efficiency improvement of coal-fired power plants, still contributing over 83% of China total power generation [2] , became the first priority and called for a structure adjustment of the electricity generation industry in China.
In 2006, the coal-fired power plants less than 100 MW in China reached a total installed capacity as high as 125 GW with the annual coal consumption and SO 2 emission more than 400 and 5.4 million tons, respectively [3] . The pursues for higher efficiency, more economic benefits and lower pollutant emissions lead to the gradual phase-out of the small-scale backward power plants, which are replaced by advanced supercritical and ultra-supercritical ones with higher steam parameters [4] .
In order to safely use higher temperature steam over 600 °C, more demanding requirements, especially in terms of advanced materials with higher allowed temperature and pressure, higher resistance to steam oxidation corrosion, better welding performance and larger heat conduction coefficient, largely increase the associated capital and maintenance costs of both boiler and turbine. It is apparent that the research on new material is the key factor for the development of supercritical and ultra-supercritical technologies. With lots of pioneer plant practices, the ferrite/martensite steels, mainly P91, P92, E991 and P122, have been the primary choices for high temperature materials for live steam pipelines; the austenitic steels such as HR3C and SUPER304H are commonly used for the high temperature heat surfaces [5] ; Ni-based forging steel is currently selected as the material of rotary blades of high pressure turbine stages. In 2009, compared with the price of high temperature steel of subcritical power plants ranging from $15,000~18,000/ton, the specific cost of the four ferrite/martensite steels for supercritical and ultra-supercritical technologies is within the range of $20,000~30,000/ton [6] . The investment distribution of newly built modern power plants may be different from the subcritical ones and, therefore, has some influences on the cost formation process.
The exergoeconomic analysis is a powerful tool for evaluation and optimization of various energy systems by calculating the cost rates of each material and energy stream, and the component-related exergoeconomic variables. The term exergoeconomic was first introduced by Tsatsaronis [7] as an accurate and unambiguous characterization of a combination of economics and the exergy concept, and this methodology was greatly developed and applied with the contribution of many researchers including Valero and Lazano [8, 9] , Frangopoulos [9, 10] , von Spakovsky [11] , Lazzaretto [12, 13] , Tsatsaronis [14] [15] [16] [17] [18] [19] [20] and some co-work [21] [22] [23] etc. Recently, there were also many applications of exergoeconomics for improving various power plants. Ahmadi et al. , performed comprehensive exergy, exergoeconomic and exergoenvironmental impact analysis and multi-objective optimization to a cogeneration plant system [24] , combined cycle power plants [25] , a gas turbine power plant [26] , with exact expressions of cost functions of each component and the cost expenditure due to pollutant and greenhouse gas emissions. Petrakopoulou [27] conducted the exergoeconomic and exergoenvironmental analysis on a newly-proposed chemical looping power plant and also combined an iterative optimization to reduce the cost and environmental impacts. Shamsi [28] optimized the steam pressure levels in a total site using thermoeconomic method and reached a total cost reduction of up to 8%.
Although the exergoeconomic analysis has been widely applied for analysis and optimization of power plants, seldom focuses on the modern ultra-supercritical large-scale coal-fired power plants, where the insights into the exergoeconomic performances of the subcomponents of the once-through boiler are needed. In this paper, an existing ultra-supercritical power plant designed in 2006, constructed in 2008 and operated in 2010, was modeled and analyzed from the exergoeconomic viewpoint by using the SPECO method [22] . In this regard, the specific objectives of this paper are as follows:
 To model the thermodynamic performance of the whole power plant and to obtain the basic information for cost estimation of the power plant.  To perform detailed thermodynamic calculation for the design of boiler.  To combine the standard design method of boiler with the corresponding economic analysis and to generate an equivalent approach to estimate boiler cost as the so-called cost function.  To identify the cost-formation process, evaluate each component and provide some useful information for the future design improvement.
Exergoeconomic Analysis
The exergoeconomic analysis combines an exergetic analysis with an economic analysis to provide crucial information that is not obtainable through conventional thermodynamic analysis and simple exergy analysis or economic analysis [17] . With reasonable exergy costing method, the specific cost related with each exergy stream and the exergoeconomic variables are computed to provide some valuable information for a cost-effective enhancement by pinpointing the required changes in structure and parameter values [16, 29] . A complete exergoeconomic analysis generally consists of an exergy analysis, an economic analysis and then an exergy costing method with the help of auxiliary equations.
Exergy Analysis
An exergy analysis identifies the location, the magnitude and the sources of thermodynamic inefficiencies in an energy system. By calculating chemical and physical exergy of each stream, the application of exergy analysis is quite straightforward with the calculation of exergy destruction within each component , and the corresponding exergetic efficiency ε k and exergy destruction ratio y D,k :
where the and are the product exergy and fuel exergy of k th component (subscript k) and the whole system (subscript tot).
Combining the exergy balance equation of each component and the overall system, the detailed exergy destruction and loss rate, and overall exergetic efficiency can be obtained which can provide useful information for improvement from thermodynamic point of view:
where , means the exergy loss of the whole system while NC indicates the number of components.
Two points [16, 22] should be emphasized in the exergy analysis are: (a) the dissipative components such as gas cleaning units and throttling valves as well as condensers without any thermodynamic benefits when considered in isolation cannot be assessed by the exergetic efficiency, and (b) the exergy loss are defined unambiguously as the transportation of exergy from the overall system to its surroundings which means that when no exergy loss term appears in the exergy balance equation at a component level.
It should be noted that the chemical exergy of mixtures such as flue gas is defined as follows [17] : (4) where n, X, e ch , R and T 0 represent the composition number of the mixture, the molar fraction of each composition, the specific chemical exergy of each composition, universal gas constant and the reference temperature, respectively.
The fuel exergy of fuel (e f ) is evaluated by the following exergy ratio ξ:
where HHV means the higher heating value of coal and ξ for coal can be taken as 1.04 [17] .
Economic Analysis
The annual values of capital-related charges (carrying charges), fuel cost and operating and maintenance expenses vary significantly within the plant economic life. Thus, levelized costs are need for the evaluation and cost optimization of an energy system. The TRR method [27] was applied based on the good estimation of the purchased equipment cost (PEC) and fixed capital cost FCI (FCI = PEC • F BM and F BM is the bare module factor), and cost escalation to the reference year in accordance with Chemical Engineering Plant Cost Index (CEPCI). At last, the levelized cost rates associated with the k th component ( , and ) and levelized fuel cost (c F ) can be obtained by Equations 6-9 as the input variables for exergoeconomic analysis:
where represents the equivalent working hours at full load.
Exergy Costing and Auxiliary Costing Equations
The specific cost (c i ) associated with each material and energy stream i is computed according to exergy costing and auxiliary costing equations, for which Lazzaretto and Tsatsaronis [22] proposed a systematic and general methodology (SPECO) with an explicit matrix form of these equations.
After clearly identifying each exergy stream, the exergy costing can be expressed by four exergy-based monetary costing Equations 10-12 and the cost balance (Equation 13) for each component:
where W, Q, and mean work, heat and cost rates of work and heat, respectively. The subscripts e and i indicate the exiting and inlet streams. On the basis of F and P principles, totally (N e − 1) auxiliary equations are required to determine the specific costs of products associated with the each component. The F principle states that the specific cost (cost per exergy unit) associated with this removal of exergy from a fuel stream must be equal to the average specific cost at which the removed exergy was supplied to the same stream in upstream components. While The P principle states that each exergy unit is supplied to any stream associated with the product at the same average cost. Combining the cost balance equations and the corresponding auxiliary equations, the explicit matrix can be straightforwardly solved by gaussian elimination and, therefore, the specific cost of each stream, the cost of thermodynamic inefficiency of each component and the related exergoeconomic variables can be obtained.
For the dissipative components, including the condenser and throttle valves in this case, the fictitious cost rates 
where indicates the cost rate of additional working fluid and means the captital investment of dissipative components.
The costing of exergy loss exiting the k th component is referred to the F principle of the k th component. If no special treatments such as gas cleaning are conducted before the material stream is rejected to the environment, the cost rate of the exergy loss can be calculated by Equation 15 :
Exergoeconomic Variables
The average unit cost of fuel c F,k and product c P,k , the cost rate of exergy destruction , , the sum of , and Z k , the relative cost difference r k and exergoeconomic factor f k are known as the thermoeconomic variables [29] , among which r k and f k are the most important two exergoeconomic variables to rank the components based on their individual performance. The relative cost difference r k is expressed as the difference between the specific cost of the product c P,k and the fuel c F,k :
, ,
The cost added to an exergy stream due to the thermodynamic inefficiency within one component can be evaluated by the component exergoeconomic factor, through which the monetary impact of exergy destruction and capital investment of each component can be revealed:
Plant Description, Simulation and Cost Estimation

Plant Description
The single-reheat ultra-supercritical coal-fired power plant with total capacity 1000 MW comprises a -type once-through boiler, a condensing turbine, a generator as well as other auxiliary components and systems. The schematic and basic data of the reference plant are presented in Figure 1 and Table 1 , respectively. The composition of the bituminous coal for the design is listed in Table 2 . Advanced combustion mode and devices, and reliable heat surface configuration with proper adjustment method for steam temperature are applied to guarantee high availability, good economic performance, reasonable dimension and heat flux of the furnace. After perheating, the feedwater first enters the two economizers (ECOs) placed in the front and back parts of rear flue gas duct, and then passes through the water wall (WW), one primary superheater (P-SH), two screen-type superheaters (S-SH1 and S-SH2) and one final superheater (F-SH) to generate live steam. The cold reheat steam coming from the exhaust of intermediate pressure turbine (IP) flows through the primary reheater (P-RH1 and P-RH2) and the final reheater (F-RH-H and F-RH-C). The temperature adjustment of reheat steam is based on the opening adjustment of the damper placed in the rear flue gas duct; while that of the live steam is mainly based on spray attemperators. Two Ljungström air pre-heaters (APHs) are configured to preheat the air by recovering low grade heat of flue gas.
The ultra-supercritical turbine is of a classical condensing configuration with four cylinders and four exhausts to enlarge the unit capacity. The feedwater regenerative system is composed of three high-pressure heaters, a deaerator and four low-pressure heaters to heat the feedwater to 300 °C. Large power consumption of feedwater pumps is supplied by the corresponding secondary condensing turbine. It is noted that the condenser is a dual-pressure one with two shells.
Plant Simulation
The power plant was modeled and simulated with the key features of each component or process, shown in Table 3 by Ebsilon Professional. The thermodynamic data for the selected streams are presented in Table 4 . The heat transfer between auxiliary heat surfaces and the flue gas is neglected due to the small increase of steam temperature. The total outgoing flue gas of the furnace is assumed to pass the first screen-type superheater with the heat also absorbed by the auxiliary water wall, and then pass the second screen superheater. The air preheater is modeled in detail with the exact leakage air and attemperating air. The sealing steam leakage of turbine cylinders and the feedwater preheater using these leakage steams are omitted due to small mass flow rates of these steams and the small temperature increase of feedwater, respectively. 
Cost Estimation
The power plant was designed for a 25-year economic life with an average interest rate 10%, average nominal escalation rates 3.5% for fuel (coal) and 3% for other costs and could operate for 6900 h/year at a load capacity 80%. The average price of the coal with the LHV of 29,270 MJ/kg was $84.3/ton (2.88 $/GJ-LHV) in 2009. It means the levelized FC reaches as high as $196.5 million.
The PEC of the entire sets of the once-through boiler, including the air preheaters, high pressure and low pressure regenerative heaters, the steam turbine and other separate components, could be obtained from [6] . The PEC of boiler and steam turbine needs to be apportioned to their sub-components shown in Figure 1 . It is noted that the PEC of rotary air preheaters comprises approximately 2% of PEC of the boiler body [30] , which means the boiler subsystem excluding SAF, PAF as well as IDF. The allocation of the remaining PEC of boiler is on the basis of Table 5 , where the main material, average tube size, total tube surface area and weight are presented. Owing to the lack of information for the specific costs for different types of steel, weighting factors for each heat exchanger in boiler are assumed in accordance with properties of their material, while the allocation of turbine PEC is weighted based on both the power output and the pressure level of each sub-component with the weighting factors 1, 1.5 and 2 for HPs, IPs and LPs, respectively. The module factors for different types of components to calculate the FCI from their PEC are referred to [31] and listed in Table 6 . With the ratio of component PEC to the total PEC, the levelized CC and OMC can be readily apportioned to each component. The TCI estimation for the whole power plant is around $828 million, which means the specific cost of the power plant is nearly $774/kW.
The levelized CC, OMC and FC contribute 30%, 7% and 63% to the TRR $308 million/year, meaning that the price of the final product is 5.22 cent/kWh. It agrees quite well with the on-gird electricity price of 5.20 cent/kWh announced by the power plant [32]. Table 7 presents the results of the exergetic and exergoeconomic analysis for two conditions: with and without Z k . Comparisons of the cost rates associated to each component enable us to understand how the cost structure or cost formation process changes after adding the capital, operation and maintenance investments.
Results and Discussion
The exergetic analysis reveals the location, magnitude and sources of exergy destruction. Chemical reaction and heat transfer process are always the largest sources of entropy generation in energy systems. It is shown that the exergy destruction in furnace has far larger exergy destruction than any other components, resulting in the lowest exergetic efficiency of 62.8%. The performance of other heat exchangers in boiler improves greatly with the decrease of average temperature difference for the heat transfer between the hot and cold fluids. The turbine stages except ones working within the range of wet steam have higher exergy efficiency (generally over 90%) than heat exchangers. The exergetic performances of regenerative feedwater preheaters improve with the increase of feedwater temperature level. The exergetic efficiency of the last preheater reaches as high as 96.4%. It should be noted that the exergetic efficiencies of air preheater, the first and second feedwater preheaters are far less than those of other heat exchangers, due to the low temperature level of their cold fluids. In addition, the auxiliary components, mainly pumps and fans here, are regarded to have relative high efficiency around 85%.
It is very clear from the exergoeconomic analysis with Z k = 0 that the specific costs of the flue gases remain unchanged due to the F principles for boiler sub-components and the specific cost of the intermediate product accumulates gradually among the components towards the final product. Due to this accumulation, the distribution of hidden costs caused by the exergy destructions among different components tends to be quite different from that of their exergy destructions. The exergy destruction within boiler components excluding the furnace reaches as high as 150 MW which is almost two times more than that of turbine itself (82 MW); however, their hidden cost rates are proven to be almost the same with $2,180/h and $2,045/h for boiler and turbine, respectively. It indicates that the economic importance of exergy destruction within a component depends highly on its relative position of the component with respect to fuel and product streams of the overall system [27] .
The sum , indicates the cost importance of different components and the improvement of design should be initially focused on the components with higher ,
. From this point of view, the once-through boiler, among which almost all the sub-components, especially the furnace, have very large , , and the components HP1, IP1 and LP6 of the turbine are the keys for improving initial design of the power plant. In general, the components in boiler subsystem have much larger relative cost difference r k than other components. The heat surfaces placed in the rear flue gas duct, such as P-RH1 and ECON2, achieve the greatest r as high as 2.8, while ones surrounded by higher-temperature flue gas, such as S-SH2, F-RH, F-SH and P-SH, have relative small r ranging from 0.9 to 1.5. Moreover, this parameter of the components in turbine and regeneration system is below 0.5, mostly around 0.1~0.3. What means by this is that the add costs of exergy streams through the heat surfaces after furnace due to their capital investment are much larger than that of turbine subsystem. By comparison, reducing the construction cost of these heat surfaces while keeping or lowering the level of exergy destruction must be achieved for future boiler design.
Exergoeconomic factors can identify the major cost sources (investment cost or cost of exergy destruction) of each component. It is clear that the air preheater and the furnace have far less exergoeconomic factors than any other components in the boiler. It indicates that the capital investments of these two components should be increased to improve their thermodynamic performance and the overall performance. The extremely high exergoeconomic factors of other heating surfaces indicate that more profits and cost effectiveness can be obtained if part of heat absorbed in these surfaces can be realized by the more effective radiation heat transfer in furnace with less heating surface areas. At the same time, the surface area of the air preheater can be increased to achieve a higher air preheating temperature, which can lead to a temperature increase of the flue gas and also a more even temperature field in furnace for more fierce radiation. Both the exergy destruction and the investment cost can be properly reduced and, therefore, better performance of the boiler can be achieved.
The turbine sections generally have large exergoeconomic factors within the range from 0.7 to 0.8 with the exception of the last two parallel sections LP3 and LP6, indicating that the performance of the final stages should be improved by increasing the capital investment. For the final turbine stages working in wet steam zone, more demanding blade metallurgy and coatings can be applied to against the blade erosion caused by condensed water droplets.
In addition, the factors of feedwater preheaters are rather small, less than 0.4, especially that of the low pressure feedwater preheaters, no more than 0.03. What is meant by this is that more feedwater preheaters can be configured to enhance the overall cycle performance by approaching the ideal feedwater preheating process.
Conclusions
In this paper, a modern ultra-supercritical power plant was analyzed by exergoeconomic methodology to evaluate the performances of each component and find possible solutions to improve overall plant performance from initial system design. The TRR method was used to determine CIL, OMCL and FCL while the SPECO method was applied for the exergy costing. The PECs of main components were referred to the quota design for coal-fired power plants, and were properly apportioned to related sub-components. With good agreement with the on-grid electricity, the levelized costs associated with each component were obtained and the exergoeconomic analysis was conducted with the following conclusions:  A promising solution for the cost effective design for the once-through boiler may be moving more heat absorption to the furnace by using more effective radiation heat transfer and less area of heat surfaces.  The area of air preheaters should be properly increased to achieve a higher air temperature and thus a more even radiation field in the furnace. However, this solution also confronts many problems such as the proper placement of the heat surfaces in the furnace and their influences on the aerodynamic of flue gas and so on.  The design of turbine stages with exhaust steam to condenser should paid more attention to reduce their exergy destruction. Actually, in the near future, as the temperature of throttle and reheat steams reach 650 °C or even higher, the performance of these stages may achieve better performance if the wetness of exhaust steam has to be reduced to fulfill the largest potential for efficiency improvement from the elevation of temperature levels of throttle and reheat steams.
